Proteins that form cage-like structures have been of much recent cross-disciplinary interest due to their application to bioconjugate and materials chemistry, their biological functions spanning multiple essential cellular processes, and their complex structure, often defined by highly symmetric protein-protein interactions. Thus, establishing the fundamentals of their formation, through detecting and quantifying important protein-protein interactions, could be crucial to understanding essential cellular machinery, and for further development of protein-based technologies. Herein we describe a method to monitor the assembly of protein cages by detecting specific, oligomerization state dependent, protein-protein interactions. Our strategy relies on engineering protein monomers to include cysteine pairs that are presented proximally if the cage state assembles. These assembled pairs of cysteines act as binding sites for the fluorescent reagent FlAsH which, once bound, provides a readout for successful oligomerization. As a proof of principle, we applied this technique to the iron storage protein, DNA-binding protein from starved cells (Dps) from E.coli. Several linker lengths and conformations for the presentation of the cysteine pairs were screened to optimize the engineered binding sites. We confirmed that our designs were successful in both lysates and with purified proteins, and that FlAsH binding was dependent upon cage assembly. Following successful characterization of the assay, its throughput was expanded. A two-dimension matrix of pH and denaturing buffer conditions was screened to optimize nanocage stability. We intend to use this method for the high throughput screening of protein cage libraries and of conditions for the generation of inorganic nanoparticles within the cavity of these and other cage proteins.
Introduction
Large, hollow, and often symmetric, cage-like protein assemblies, like ferritin nanocages and virus capsids, provide impetus for investigations into protein folding, proteinprotein interactions and self-assembly, all of which underpin protein quaternary structure. 1,2,3 On a biofunctional level, similar protein nanostructures are involved in sequestering metals, 4 creating size-specific pockets of a hydrophobic environment to assist in protein folding, 3 catalyzing the generation of metabolites, 5 as well as delivering and protecting viral genomes. 6 Along with having fundamental importance, protein cages have been the focus of much applied research. To date, protein cages have been used as size constraining reaction vessels for the construction of inorganic materials, and for several potential bio-medically relevant applications such as drug and siRNA delivery. 7, 8, 9, 10, 11, 12, 13 Many high resolution protein cage structures are available. 14, 15 These structures have paved the way for rational engineering and design, a pursuit that is important for enhancing the properties of protein cages to match those required for further applications. One successful design strategy, applied in different ways, has been to enhance the protein-protein interactions between monomers. 16, 17, 18, 19 However, this type of research can be protracted due to the necessity of iteratively purifying each mutant followed by extensive biophysical characterization with techniques that are often not directly related to cage formation. 2, 20 Ferritins are ubiquitous protein cages whose structure has been extensively studied due to its relatively straightforward folding and assembly. They store cellular iron through mineralization inside their hollow cavity. E.coli DNA-binding protein from starved cells (Dps), a mini-ferritin, has a 9 nm outer diameter and assembles from twelve identical monomers. 21, 22, 23, 24, 25, 26 Each monomer folds into a four helix bundle with an additional helix along the loop between the second and third helix of the bundle (the "BC helix"). 17, 27 During ferritin self-assembly, monomers rarely persist and for most ferritins, a 2-fold symmetric dimer is believed to be the most prevalent intermediate. This dimer is thought to be the fundamental building block for cage formation. 21 In Dps, these intermediates are most likely anti-parallel dimers. A consequence of this is that the termini of each monomer projects away from those of the other monomer; only with increased oligomerization to the fully formed cage state do the termini converge. (Figure 2A ) Although ferritins have been pursued extensively for applications in material sci-2 ence, 10 only minimal work has been performed to optimize the properties of the ferritins for these applications.
Unfortunately, there are few methods for determining the oligomerization states of the cages other than expressing, purifying and assaying each protein followed by mostly low throughput biophysical techniques, such as size exclusion chromatography (SEC), dynamic light scattering (DLS) and transmission electron microscopy (TEM).
2, 16-17, 20, 28 Creating a system that can rapidly identify specific oligomerization states in vivo or in cell lysates, would greatly advance research on protein nanocages and protein self-assembly in general.
An ideal method would be one that could distinguish specific protein-protein interactions during the assembly process. A direct oligomerization assay employing a biarsinical fluorescent reagent, 29, 30 of which FlAsH and ReAsH are the most common, is one possibility. These reagents, which have been used as an alternative to GFP variants for protein labeling, 31, 32, 33, 34 exploit the affinity of their arsenic atoms for sulfur atoms in a protein. The reagents bind selectively to proteins with four appropriately presented cysteines (SI Figure S1). This binding results in fluorescence most likely due to a change in rotational properties about the carbon-arsenic bond. 35, 36 Originally, it was suggested that FlAsH ideally interacts with cysteines displayed on a single face of an alpha helix, but later it was shown that the sequence CCPGCC provides an ideal FlAsH binding site.
Figure 1
-Fluorescence (green) from the reagent, FlAsH, is assembly state dependent only in the bipartite design because of the need to have two sets of cysteine pairs (red) to form a binding site. The positive control provides a binding site that is neither folding, nor oligomerization dependent whereas the negative control provides no FlAsH binding. This is the basis of our strategy to directly monitor protein cage formation.
Recently, it has been shown that the four cysteines in the FlAsH binding motif can be split into two 'bipartite' cysteine pairs. If the two pairs are positioned apart from each other in the polypeptide sequence, FlAsH can be used to detect when they become proximal during protein folding. Similarly, the two pairs can be placed on two separate polypeptides, and FlAsH can be used to monitor the formation of a proteinprotein interaction if the cysteines are positioned appropriately across the interface. 35, 37, 38, Recently this strategy was used to elucidate conformationally transduced signals through the cellular membrane and to provide an explanation for the divergent signaling outcomes of an EGF receptor that dimerizes through coiled-coil motifs. 39 The first step in developing the biarsinical reagents into probes for protein cage assembly is to design binding sites that only appear upon cage formation. This goal is made more challenging by the fact that the monomers of protein cages, such as Dps, use multiple interfaces for cage formation and various states could be intermediates along the oligomerization pathway. Thus, a design with ultimate utility would be robust enough to distinguish between these oligomerization states. One possible solution therefore would be to design ferritin binding sites that exploit the divergence of monomer termini in the antiparallel dimer intermediate (see above). In the cage form, these termini converge. Thus, terminally appended cysteines would provide a sulfur rich area for a FlAsH binding site that only forms upon cage assembly and not in a dimer intermediate. One must also consider the location of native cysteine residues. Dps has a single native cysteine that is 23.33 Å from the corresponding cysteine in the nearest monomer when assembled into a cage (SI Figure S2 ). While this will not impede this investigation, consideration must be taken when applying this approach to other proteins.
In our design, we placed cysteine pairs at the Dps Cterminus. (Figure 1 ) A series of mutants were generated to optimize the binding site; these mutants differ in how the two cysteines are displayed by the monomer either based on linker length (DpsCC, DpsGCC, DpsGGCC, DpsGGGCC) or conformation (DpsPAGCC). (Figure 2a ) Extending the Cterminus to display the peptide sequence CCPGCC which includes all four cysteines of an ideal binding site on a single monomer (see above) resulted in the positive control (DpsCCPGCC) which would require neither folding nor assembly to generate a FlAsH signal. We used wild type Dps, which has no additional cysteines, as a negative control (Dps).
Results and Discussion
An oligomerization state assay with the most utility would be able to evaluate multiple samples rapidly. Therefore, instead of initially working with purified proteins, we used cellular lysates. This decision increased our throughput, allowing the screening of more potential designs. In addition, the use of complex solutions allowed us to screen for selectivity and the success of this method in lysates would demonstrate specificity in the presence of metal ions and sulfur containing metabolites and proteins. We employed conditions containing 1, 2 ethanedithiol (EDT), 2mercaptoethanol (2-ME), tris(2-carboxyethyl)phosphine (TCEP) and ethylenediaminetetraacetic acid (EDTA) to control oxidation state and metal ion concentration consistent with the literature, 29, 30, 37, 38 however, our conditions are not fully optimized. In lysates, ( Figure 2b ) the positive control, DpsCCPGCC, generated robust fluorescence with added FlAsH, and the negative control (Dps) gave nearly undetectable signal. Of the bipartite designs, DpsCC and DpsGCC had a very weak response whereas DpsGGCC, DpsGGGCC, and DpsPAGCC gave fluorescence that was between 15 and 35% of the positive control suggesting that a longer linker is ideal and one that is more rigid may be optimal.
To confirm that the FlAsH binding is indeed dependent on cage formation, we subjected the lysates to similar experi-ments but in denaturing conditions. ( Figure 2c ) As expected the negative control, Dps, exhibited no change in fluorescence upon denaturation.
The positive control, DpsCCPGCC, was also expected to have no change, however, it did generate a small, but significant loss which may be attributed to restricted access to the tetracysteine tag in the cage and may be suggestive that more optimized equilibration times could enhance the assay. As expected, the Page 3 of 13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 bipartite designs displayed a large loss in fluorescence upon denaturation with DpsGGGCC and DpsPAGCC exhibiting nearly a 100% loss in signal with added denaturant. To verify these results, the leading proteins were expressed, purified (SI Figure S11 for sequencing data) and fully characterized (SI Figure S4 -8 and SI Table S4 for gels and mass spec, SEC, TEM, CD) and were subjected to the binding experiment and subsequent denaturation. (Figures 2d and 2e ) Again, the controls behaved as expected with the exception of the positive control that, again, lost a small amount of signal upon denaturation.
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The bipartite designs, DpsGGGCC and DpsPAGCC, displayed strong, oligomerization dependent binding of FlAsH with the latter generating ~50% of control. It should be noted that the bipartite mutants halve the number of cysteine residues and therefore would be expected to have fewer available binding sites per protein, but, with that said, we have not yet rigorously established saturation stoichiometry. These data again demonstrate that at least one binding site design was successful and that our "quick and dirty" lysatebased screen generates accurate results indicating the potential for further optimization and expanding the throughput.
The steady state fluorescence experiments, coupled with denaturation, strongly demonstrate that we have successfully designed FlAsH binding sites that are oligomerization dependent. While those experiments, combined with the geometrical placement of the binding sites, suggested that this dependence is specific to the cage state over the dimer state, it needed to be confirmed directly. We have previously shown that some ferritins can exist in solution as mixtures of cage and dimer through the use of SEC. 28 Therefore we employed SEC, combining protein absorbance (280 nm) with FlAsH fluorescence (535 nm). If the binding sites were successfully designed to appear during the formation of specific protein-protein interactions, fluorescent peaks should correspond to only certain oligomerization forms. (Figure 3 ) The negative control, Dps, which is a wild type protein we have worked with extensively, generates a single peak from the cage and no detectable dimer when monitored at 280 nm. (Figure 3b ) Also as expected, no peak is observed in the FlAsH channel. For the positive control, DpsCCPGCC, a cage and a small dimer peak at 280 nm are observed, and the fluorescence elutes with both, again as expected, indicating no preference for oligomerization state. (Figure 3a ) The proteins with the bipartite binding sites, DpsPAGCC and DpsGGGCC, both show a cage and a dimer peak at 280 nm however, the fluorescence only elutes with the cage, suggesting that the designed binding sites are forming only upon cage formation and that this assay can distinguish between Page 4 of 13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 oligomerization states. (Figures 3c and 3d ) It should be noted that DpsPAGCC did aggregate slightly. The fact that the aggregate peak also had no fluorescence further demonstrates the robustness of this approach. As a further test of specificity, the same technique was used to assess clarified lysates for DpsPAGCC and DpsGGGCC. (Figures 3e and 3f ) Again, fluorescence elutes at a volume consistent with the cage state. Taken together these data strongly suggest that not only are the designed binding sites forming upon oligomerization, they form only upon cage formation.
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An additional goal of this technique is not only to develop a direct screen for specific oligomerization states of protein cages, but also to expand the throughput of this characterization. Therefore it was modified to a 96-well plate format. As a proof of principle, but also as a means to optimize our work with these proteins (see above), we sought to discover conditions of highest stability. First we expanded our denaturation experiment described in Figure 1 to screen a variety of denaturant concentrations. (Figure 4a ) As expected, and consistent with our previous data, the positive control, DpsCCPGCC, generated high signal at all conditions, demonstrating that FlAsH binding is not oligomerization dependent. The negative control, Dps, generates no signal across all conditions. However, a protein with the designed bipartite binding site, DpsPAGCC, loses its ability to bind FlAsH near 1.4M denaturant. (SI Figure S10 ) Figure S9) Further expanding our enquiry into ideal conditions for Dps stability, we screened both denaturant and pH concurrently. (Figure 4b and SI Figure S9 ) It should be noted that, consistent with most of the literature, 35, 37 we usually preform our experiments with Dps at pH 7.8. Thus, it was somewhat surprising to discover that the protein is most stable below pH 7.0. These experiments would have been less possible in lower throughput screens as they would have taken longer and expended a large amount of reagents. This not only emphasizes the strength of this approach in that its throughput can be expanded, but this increased throughput can lead to useful experiments (with potentially unexpected results) that may not have been run due to the exigent nature of traditional techniques.
Conclusion
Protein cages have the potential for applications in fields as wide spanning as drug delivery, catalysis, and nanomaterials. Moreover, they can act as model systems to study biologically ubiquitous protein-protein interactions, selfassembly and quaternary structure all of which are at the cutting edge of pharmaceutical interest. However, for protein cages to reach their full potential, tools to assess directly their solution assembly properties in higher throughput are necessary. By engineering FlAsH binding sites and proteinprotein interfaces that only form in the cage oligomerization state and not in the presumed dimer intermediate, we designed a system to directly detect assembly in cellular lysates of the miniferritin E.coli Dps. We have shown that indeed this system is oligomerization dependent and is specific for the cage and not the dimer. In addition, we demonstrated the scalability of this system by performing a two dimensional, medium throughput screen to determine conditions that favor the cage state. We are currently expanding this technique to other ferritins in the form of protein libraries screened in whole bacteria for the purpose of discovering "switchable" protein cages and those with bespoke properties for specific applications like nanoparticle formation while optimizing the designs based on ideal binding sites. 38 In addition, we are intending to use this technique to target specific oligomerization states in order to monitor their formation along the self-assembly pathway. We believe that this strategy can be easily ported to other protein cages and self-assembling protein systems in order to optimize their properties and to understand their formation.
Methods and Materials
FlAsH Binding in Lysates. The pET-22b expression vectors containing Dps design variants (SI Methods and materials S1 for cloning information) were transformed into Rosetta E.coli cells (Novagen) and plated on LB agar plates (50 µl/ml of carbenicillin and 34 μl/ml chloramphenicol). Selected colonies then were grown in LB (3 ml with 50 µl/ml of carbenicillin, 37 0 C, overnight) as a pre-culture which was then added to LB (100 ml) and grown (37 °C) until an O.D 600 of 0.6. Protein expression was then induced by the addition of IPTG (50 µl of a 1 M stock) and the culture was further incubated (3 h, 30 0 C). The cells were isolated by centrifugation (4,000 rpm, 15 min at 4 0 C). The cell pellet was resuspended in Page 5 of 13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 FlAsH buffer (100 mM Tris.HCl, 100 mM NaCl, 1 mM EDTA, pH 7.8) and sonicated (Misonix, Ultrasonic cell disruptor, pulsed 5 s on 5 s off for 5 min). The protein solution was clarified by centrifugation (15,000 rpm, 45 min, 4 0 C) and then filtered (Sartorius, 0.2 µm).
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The protein concentration was determined (BCA, Novagen) and the cell lysate was diluted to 1 mg/ml with FlAsH buffer. To insure that all the 1 mg/ml samples had similar amounts of the desired protein, each was analyzed by SDS PAGE (SI Figure S3 ). Each fluorescence experiment contained protein lysate (200 μl, 0.1 mg/ml) in FlAsH buffer, TCEP (Sigma, final concentration of 3.5 mM), EDT (Sigma, final concentration of 1 mM) and 2-ME (Sigma, final concentration of 1 mM) were added and the solution was incubated (room temperature, 2 h) followed by the addition of FlAsH-EDT 2 (Invitrogen, final concentration of 0.1 µM) followed by a further incubation (room temperature, 2 h) in the dark. Each lysate sample was tested in a black Corning 96 well plate in a PerkinElmer Envision 2101 multilabel plate reader, with each design being expressed three times and each expression being tested in 6 different wells and re read twice (Ex filter 485 nm bandwidth 14 nm, Em filter 535 nm bandwidth 25 nm). For the denatured experiments, the above was repeated but with the extra addition of 6 M guanidine and incubated for 2 hours prior to the addition of TCEP, EDT and 2-ME, with protein concentration remaining the same as in previous un-denatured experiments.
FlAsH Binding with Purified Proteins. The pET-32b vectors containing the Dps variants (SI Methods and materials S2 for cloning information) were transformed into Rosetta E.coli cells (Novagen) and plated on LB agar plates (50 µl/ml of carbenicillin and 34 μl/ml of chloramphenicol). Selected colonies were then grown in LB (5 ml, 37 0 C, overnight) as a pre-culture which was added to LB (500 ml) and grown (37 0 C) until an O.D 600 of 0.6. Protein expression was then induced by the addition of IPTG (250 µl of a 1 M stock) and the cultures were further incubated (3 h, 30 0 C). The cells were isolated by centrifugation (4,000 rpm, 20 min, 4 0 C). The cell pellet was resuspended in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 40 mM Imidazole, 1 mM EDTA, pH 8). Cellytic (10x, Sigma) was added and the solution was incubated (20 min, on ice) and then sonicated (Misonix, ultrasonic cell distruptor, pulsed 5 s on, 5 s off for 5 min). The protein solution was clarified by centrifugation (15,000 rpm, 45 min at 4 0 C) and then filtered (Sartorius, 0.2 μm). The protein was purified via affinity purification (GE, Histrap FF, 5 ml, (wash buffer-40 mM Imidazole, 50 mM NaH 2 PO 4 , 300 mM NaCl, pH 7.4), (elution buffer-500 mM Imidazole, 50 mM NaH 2 PO 4 , 300 mM NaCl, pH 7.4)). Enterokinase digestion (NEB 2 µg/ml) was performed to cleave off the peptide tag from the protein of interest followed by a second Histrap (GE, Histrap HP, 5 ml, (wash buffer-50 mM NaH 2 PO 4 , 300 mM NaCl, pH 7.4), (elution buffer-500 mM Imidazole, 50 mM NaH 2 PO 4 , 300 mM NaCl, pH 7.4)) to remove the tag from solution. The protein solution was further purified by size exclusion chromatography (GE Hiload 16/60 Superdex, running buffer-50 mM NaH 2 PO 4 ). Each protein was then placed into FlAsH buffer via ultrafiltration (Millipore).
Each purified protein was tested by incubating the protein (200 μl of 0.1 mg/ml) in FlAsH buffer with TCEP (Sigma, final concentration of 3.5 mM), EDT (Sigma, final concentration of 1 mM) and 2-ME (Sigma, final concentration of 1 mM) and left to incubate (2 h, room temperature) followed by the addition of FlAsH-EDT 2 (Invitrogen, final concentration of 0. 1 µM, 2 h, room temperature). Each sample was prepared directly into a black Corning 96 well plate which was tested in a PerkinElmer Envision 2101 multilabel plate reader (Ex filter 485 nm bandwidth 14 nm, Em filter 535 nm bandwidth 25 nm). Each pure protein was tested six times and reread three times. For the denaturant experiment, each protein was tested as described above but with the addition of 6 M guanidine, while keeping the protein concentration the same and was incubated for 2 hours prior to the addition of TCEP, 2-ME, and EDT. Chromatography (SEC) . The samples (0.5 ml of 1 mg/ml) in FlAsH buffer (100 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.8) were injected onto the column (GE Superdex 200 10/300 GL) at 0.5 ml/min with each protein repeated 3 times. The column was calibrated using six proteins as standards (GE Biosystems Calibration Kit). (See SI Figure S7 .) For fluorescent monitoring, samples were prepared by adding to pure protein (0.5 ml of 1 mg/ml) in FlAsH buffer, TCEP (Sigma, final concentration of 3.5 mM), EDT (Sigma, final concentration of 1 mM) and 2-ME (Sigma, final concentration of 1 mM) and incubated (2 h, room temperature). FlAsH-EDT 2 dye was added and incubated in the dark (Invitrogen, final concentration of 0.4 µM, 2 h, room temperature). This sample was desalted (GE, HiTrap 5 ml Desalting column) before injection onto a SEC column (GE Superdex 200 10/300 GL). Samples were taken every 200 μl during the elution and placed into a black Corning 96 well plate. This plate was tested in a PerkinElmer Envision 2101 multilabel plate reader (Ex filter 485 nm bandwidth 14 nm, Em filter 535 nm bandwidth 25 nm). Each purified protein was tested three times with each plate reread three times.
Analytical Size Exclusion
Transmission Electron Microscopy (TEM). TEM was performed on a FEI, Tecnai G 2 20, electron microscope set at 200 KeV. Proteins were immobilized on Formvar/carbon coated 3.05 mm copper grids (TAAB) and negatively stained with 1 % Uranyl acetate. 7 Micrographs were analyzed using ImageJ. 41 (See SI FigureS8.)
Circular Dichroism Spectroscopy (CD). The purified proteins were used in FlAsH buffer (100 mM Tris, 100 mM NaCl, 1 mM EDTA, pH 7.8). This experiment was performed on a Applied Photophysics LTD Chirascan spectrometer in a range of 200 nm to 260 nm with a protein concentration of 0.2 mg/ml with a path length of 0.5 mm. Thermal melts were performed on all purified proteins (0.2 mg/ml in FlAsH buffer) in a range of 4 to 85 degrees Celsius. 42, 43 (See SI Figure  S4 , S5 and pH Vs GuHCl measurement. Each purified protein was analyzed by incubating the protein (200 μl of 0.1 mg/ml) in a buffer at the relevant pH (pH 6-7, 100 mM Citrate-phopshate. pH 7.5-8.5 100 mM Tris.HCl) and with the correct concentra-7 tion of GuHCl, with TCEP (Sigma, final concentration of 3.5 mM), EDT (Sigma, final concentration of 1 mM) and 2-ME (Sigma, final concentration of 1 mM) and incubated (2 h, room temperature) followed by the addition of FlAsH-EDT 2 (Invitrogen, final concentration of 0. 1 µM, 2 h, room temperature). Each sample was prepared directly in a black Corning 96 well plate which was scanned in a PerkinElmer Envision 2101 multilabel plate reader (Ex filter 485 nm bandwidth 14 nm, Em filter 535 nm bandwidth 25 nm). Each protein was prepared three times separately and each was reread three times.
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